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2010 Global Burden of Disease

DALY = YLL (Years of Life Lost) + YLD (Years Lived with Disability)

Lim et al, Lancet 2012; 380: 2224-60
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Ambient Air Pollutants

Air Pollution

Gaseous Particulate

TSP

Fine 
(PM2.5)

PM10 (< 10 m)

UFP 
(PM0.1)

Coarse
(PM10-2.5)

Brook et al, Circulation 2004; 109: 2655



Air pollution and total mortality

Dockery & Schwartz, Epidemiol 1995 Samet et al, NEJM 2000



PM2.5 and cardiovascular M & M

Pope et al, Circulation 2004; 109: 71

Total CV deaths

Ischemic

Arrhythmic
Heart Failure
Cardiac Arrest

76%

24%

Miller et al, NEJM 2007; 356: 447



Harvard six cities 
study

Laden et al, AJRCCM 2006Dockery et al, NEJM 1993



PM2.5 and atherosclerosis

Kunzli et al, EHP 2005

Hoffman et al, Circulation 2007

3% increase in CIMT per each 12 mcg/m3

increase in mean annual PM 2.5

Diez Roux et al, Am J Epidemiol 2008



Increased CV Morbidity & Mortality
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Araujo&Brook, In Environmental Cardiology, Issues in Toxicology 2011; 76
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How to Study Health Effects Induced by Air Pollutants?

Associations

E-/-

Causality Mechanisms



Mechanistic Models for the
involvement of ROS and Inflammation

Air Pollutants

Health Effects

ROS

Inflammation

?



Assessment of ROS
Direct: O2 - , OH -
 Indirect: Colorimetric assays (e.g. NBT), use of probes 

(e.g. DCF, HE)
Oxidative products

- Lipids: MDA/TBARS, lipid hydroperoxides, 
F2-isoprostanes, HETEs, HODEs

- Proteins: carbonyls
- DNA: 8-oxodG, 8-oxoGua, M1dG
Gene expression:

- Prooxidant genes: NADPH oxidase
- Antioxidant genes: Nrf2, HO-1, SOD, etc. 

determined by qPCR, WBs, IH.



Assessment of Inflammation
Histology

- Lung infiltration by inflammatory cells: degree, 
type of cells, localization

- BALF total cell count/cell differential
- Vascular infiltration of inflammatory cells, 

atherosclerosis
Chemistry/Biochemistry

- Inflammatory mediators: TNF-α, MCP-1, IL-6,            
IL-8, CAMs (VCAM-1, ICAM-1) …

- BALF total protein/albumin, LDH
Gene expression of inflammatory mediators and 

signaling pathways by qPCR, WBs or IH.



Epithelial cells

BEAS-2B

Li et al, JI 2002; 169: 4531



Macrophages

Li et al, EHP 2003; 111: 455
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Yin et al, JBMT 2013; 27: 172



Endothelial cells
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Li et al, PFT 2010; 7: 6



PM Exposure, ROS and Inflammation In-Vivo 

I.P./I.T. 
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UFP Induce Pulmonary and Systemic Oxidative Stress

Araujo et al, Part Fibre Toxicol 2009 

HO-1

5 hours
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PM causes endothelial dysfunction 
and systemic vascular inflammation

Rats 7-8w

ROFA TiO2 Saline

I.T. 24h
Intravital 
Preparation

Nurkiewicz et al, EHP 2006; 114: 412



Assessment of Atherosclerosis

Libby, Nature 2002; 420: 868



PM10 enhances atherosclerosis in rabbits

42-week 46-week

PM10-Pharingeal
5 mg, 2x/w x 4 w.

Ath Lesions
BM turnover

Suwa et al, JACC 2002; 39: 935



PM2.5 Promotes Atherosclerosis in ApoE KO

10 m

PM2.5 E-/-

E-/-FA
4 m

Chow E-/-

6 w
E-/-

HFD

Aortic Oxidative Stress

Sun et al, JAMA 2005; 294: 3003



UFP Enhance Atherosclerosis in ApoE null mice
E-/-

Exposures: 5 hours/session
3x/week for 5 weeks

PM<2.5μm
(FP)

PM<0.18μm
(UFP)

Filtered air
(FA)

Chow

6-week-old male

Araujo et al, Circ Res 2008; 102: 589



New Investigational Approaches



Lipid Peroxidation
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PM Enhances Lipid Peroxidation in the Blood
E-/-

Exposures: 6 hours/session
DE at ~ 250 µg/m3 PM2.5

5x/w for 2 w +/- FA x 1 w

Diesel Exhaust
(DE)

DE followed by FA
(DE+FA)

Filtered Air
(FA)

Chow

8-week-old male

Yin et al, ATVB 2013; 33: 1153
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PM Promotes Lipid Peroxidation in the Liver
Hepatic levels of HETEs and HODEs

Liver (ng/ml) FA                   DE               DE+FA

5-HETE                     10.6±3.70                56.9±17.0 *           25.3±10.1

12-HETE                   111.1±38.0              119.1±14.0            102.9±13.4  
15-HETE                    84.1±8.13               93.7±14.7              108.4±7.05 
9-HODE                     1413.7.5±130.1      1304.2±150.3         1365.3±49.8                 
13-HODE                   1247.5±192.7         989.1±188.7           1357.8±105.8
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Assessment of Plasma Lipoproteins
DCFH-DA DCFH DCF

Hydrolysis

Esterase

ROS

oxLDL

DCFH DCF
ROS

LDL

LDL Oxidizability
LDL

DCFH DCF
ROS

HDLoxLDL

HDL Antioxidant Capacity



PM Increases the Oxidizability of 
VLDL+LDL Lipoproteins
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PM Exposures lead to Prooxidative HDL
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Yin et al, ATVB 2013; 33: 1153
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Summary

 Inhalation of air pollutants induce a variety of health effects 
resulting in increased morbidity and mortality.

 Health effects are diverse and affect many organs and 
systems. 

 Both gaseous and particulate constituents are toxic.

 Most of the mortality is due to cardiovascular and 
cerebrovascular diseases.

 There is need to discover/develop novel biomarkers of 
exposures and biomarkers of health effects.





Lipid Peroxidation and Biomarkers

Lipid Peroxidation

Dysfunctional HDL
oxLDL

Lipid Peroxidation

Lipid Peroxidation

Activation 5-LO

Atherosclerosis
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Air Pollution and Atherosclerosis
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Araujo & Rosenfeld, In Air Pollution and Health Effects 2015 



Perspectives

Regulation
&Implementation

* Development of standards
* Policies
* Implementation on susceptible groups                        

* Physicians
* Patients

Education

Research

Basic

* Pathophysiology           
* Mechanistics          
* Pathways                   
* Genetic susceptibility  
* Toxicity

Epidemiological

* Metrics  
* Risk assessment        
* Dose-response                
* Genetic susceptibility 




